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ABSTRACT
In the past two decades, displacement ventilation has been increasingly used in
Scandinavia and Western Europe to improve indoor air quality and to save energy. By
using a detailed computer simulation method, this study compared the energy
consumption of a displacement ventilation system with that of a mixing ventilation
system for three types of U.S. buildings: a small office, a classroom and an industrial
workshop. The investigation covers five U.S. climatic regions and three different
building zones. The study showed that a displacement ventilation system might use
more fan energy and less chiller and boiler energy than a mixing ventilation system.
The total energy consumption is slightly less with a displacement ventilation system.
The displacement ventilation system requires a larger air-handling unit and a smaller
chiller than the mixing ventilation system does. The first costs are lower for
displacement ventilation if the system is applied in the core region of a building. In the
perimeter zones, the displacement ventilation system needs a separate heating system,
and the first costs are slightly higher.
Thesis Supervisor: Qingyan Chen
Title: Associate Professor of Building Technology
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Chapter 1 INTRODUCTION
1.1 The Background of Displacement Ventilation
Displacement ventilation was first applied to the welding industry in 1978
(Yuan et al. 1998). The primary reason for using displacement ventilation is to achieve
better indoor air quality. During the last two decades, it has been increasingly used in
Scandinavia and western European countries. For example, in 1989, in Scandinavian
countries, it was estimated that displacement ventilation accounted for a 50% market
share in industrial applications and a 25% share in office applications (Svensson 1989).
The displacement ventilation system is different from the conventional mixing
ventilation system. Figures 1-1 and 1-2 show the typical layouts of mixing ventilation
and displacement ventilation, respectively. A conventional mixing ventilation system
supplies conditioned air (cool air in summer and hot air in winter) to the room by a
diffuser located in the ceiling. In displacement ventilation, cool air is supplied through a
diffuser located at the floor level in summer; in the heating season, heat is delivered by
a separate hot water system, while the diffuser supplies fresh air to maintain the indoor
air quality.
The configuration of displacement ventilation has an important impact on the
indoor environment. Displacement ventilation can provide better indoor air quality
(IAQ) (Heiselberg and Sandberg 1990, Chen et al. 1988). The conditioned air is
supplied at low velocity and a temperature somewhat lower than the room air
temperature at the floor level of the room. It spreads over the floor and then rises as it is
heated by the heat sources (people, equipment, etc.) in the occupied zone. During this
process upward, convective flows in the form of thermal plumes are created by the heat
sources. These thermal plumes bring heat and contaminants that are less dense than air
from the occupied zone to the upper space of the room, and the contaminants are
removed at the ceiling level. Therefore, in the occupied zone, the air quality is better
than in other parts of the room.
Displacement ventilation also has an impact on the thermal comfort of the
indoor environment (Chen 1988; Sandberg and Blomqvist 1989; Kegel and Schulz
1989; Olesen et al. 1994; Akimoto et al. 1995; Taki et al. 1996). Since the cool air is
supplied to the occupied zone of a room directly, drafts are an important cause of
discomfort with displacement ventilation (Melikov and Nielsen 1989). For the same
reason, vertical temperature stratification is formed in a room with displacement
ventilation. This vertical temperature stratification is another important cause of
discomfort in rooms using displacement ventilation. To reduce the temperature
stratification, the supply airflow
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rate must be increased. This will lead to a high air velocity at the floor level and to a
high draft risk. Most studies show that the displacement ventilation system can only
provide acceptable comfort if the corresponding cooling load is less than 40W/mi. With
higher ceiling heights, the displacement system is capable of removing larger cooling
loads (Skistad 1994). By using a large supply air outlet, for example, supplying air
through a perforated floor, or by using additional heat removal devices, such as cooled
ceiling panels, displacement ventilation may be applied to a space with a higher cooling
load (Olesen 1994). Yuan et al. (1998c) pointed out that the maximum cooling load a
displacement ventilation system can handle depends strongly on the room height,
ventilation rate and heat source type and location. They showed that a displacement
ventilation system might maintain a comfortable environment with a cooling load up to
120 W/m2. Generally, displacement ventilation provides a good thermal comfort
environment in various types of spaces.
Further more, displacement ventilation has an impact on the energy
consumption of the heating, ventilating and air conditioning (HVAC) system of the
room. Chen et al. (1990) analyzed a Dutch office with different ventilation systems.
They found that the energy consumption depended on the control strategies, and
displacement ventilation could save energy using a variable-volume air (VAV) control
strategy. Niu's (1994) calculation showed that the annual energy consumption of
displacement ventilation with a water-cooled ceiling system is almost the same as that
of an all-air-volume system. Many other researchers have also investigated the energy
consumption of displacement ventilation (Mathisen and Skaret 1983; Sandberg and
Blomqvist 1989; Holmberg et al. 1987; Mundt 1996; Nielsen 1993, 1996; Skistad
1994). However, such research was mainly for Scandinavia and Western European
countries. Since U.S. buildings have different layouts and higher cooling loads than
Scandinavian buildings, the energy consumption of displacement ventilation in U.S.
buildings may not be the same as that in Scandinavian buildings, and it needs to be
addressed separately.
1.2 Energy Consumption and First Costs of Displacement Ventilation
in U.S. Buildings
1.2.1 Previous work
Little work is available on the energy consumption and cost analysis of the
displacement ventilation system in U.S. buildings. Seppanen et al. (1989) evaluated the
energy performance of the displacement and mixing ventilation systems in a high-rise
office building in the United States. The study analyzed the north, south and core zones
of the building in four representative U.S. climates (Minneapolis, Seattle, Atlanta, and
El Paso). The researchers compared different control strategies, such as the variable-air
volume (VAV) system and the constant-air-volume (CV) system, and systems with
different components, such as re-circulation, an economizer, and a heat recovery device.
The investigation used an average cooling load of 4.4 Btu/h ft2 (14 W/m2) and a
maximum load of 7.5 Btu/h ft2 (24 W/m2) in the core space of the office building, and a
much higher cooling load (about 38 Btu/h ft2 or 120 W/m 2) in the perimeter regions.
The energy consumption depended very much on the control strategies and air handling
systems. The energy consumed by the displacement systems with heat recovery and
VAV flow control was similar to that of mixing systems. The study used the building
simulation program DOE-2. IC to calculate the cooling loads. The vertical temperature
gradient in displacement ventilation was represented by the researchers' data measured
in a laboratory.
Seppanen et al. (1989) also pointed out that the first costs of a system are
difficult to estimate. They showed that the first costs of displacement ventilation
systems were substantially higher than those of mixing ventilation systems, if cooled
ceiling panels were used in the displacement ventilation. The first costs of a
displacement ventilation system without cooled ceiling panels were similar to those of a
mixing system. This agreed well with Skistad's (1994) findings that there was no
significant first cost difference between the two systems, except that the cost of
diffusers for displacement ventilation is higher than that for mixing ventilation.
Recently, Zhivov and Rymkevich (1998) compared the energy consumption of
displacement and mixing ventilation systems in a restaurant in different U.S. climates.
They considered two different outdoor air supply modes: fixed outdoor air supply and
variable outdoor air supply. They found that displacement ventilation can save 12% to
18% in energy costs with a fixed outdoor air supply, and 16% to 26% with a variable
outdoor air supply, but heating energy increased. They used the building simulation
program BLAST (Hittle 1979) for the work.
1.2.2 Present work
The amount of research work on the energy consumption and first costs of
displacement ventilation systems in U.S. buildings is rather limited. The above energy
and first costs analysis research was conducted for two different U.S. buildings- an
office building and a restaurant- with different energy simulation programs,
respectively. The conclusions from these studies were different. In order to investigate
more comprehensively the impact of displacement ventilation systems on different U.S.
buildings in terms of energy consumption and first costs, more study is needed.
This thesis studies the energy consumption of displacement ventilation in three
types of U.S. buildings for five different climatic regions by using a detailed computer
simulation method. The three types of building are a small office, a classroom and an
industrial workshop, and the five climatic regions are Seattle, WA (maritime), Portland,
ME (cold), Phoenix, AZ (hot and dry), New Orleans, LA (hot and humid) and
Nashville, TN (moderate). For the small office, we also studied the impact of different
orientations of the building on energy consumption. Both the displacement and mixing
systems use VAV and constant supply air temperature control except in the shoulder
season, when the supply air temperature fluctuates for the maximum use of free cooling.
The study also compared the first costs of the two ventilation systems for the office
building.
There are two major steps in calculating the energy consumption and first costs
of the displacement and mixing ventilation systems. The first step is to calculate the
cooling or heating loads for the buildings in the different climates; this is done in
Chapter 2. Chapter 3 analyzes the energy consumption and first costs of the ventilation
systems, based on the cooling or heating loads calculated in Chapter 2. Important issues
such as temperature stratification in displacement ventilation, system layouts and
control strategies are also discussed in Chapter 3. The energy consumption and first
costs results are analyzed in Chapter 4 for the different buildings and climates
respectively. Conclusions about the energy consumption and first costs are drawn after
the analysis. An hour-by-hour energy calculation program, EnerCost (v1.0), has been
developed for the present study. The manual of this program is appended at the end of
this thesis.
Chapter 2 COOLING LOAD CALCULATION
2.1 Methods Available for Energy Simulation and Cooling Load
Calculation
Energy simulation methods range from manual methods to detailed computer
simulation methods. The manual methods, such as the degree-day and bin methods
(ASHARE 1997), are still widely used in practical design, although they are not
accurate. The degree-day method uses only one value of temperature, while the bin
method calculates energy over several intervals (bins) of temperature. However, the
detailed methods often calculate energy on an hour-by-hour basis. Although the manual
methods are simple, they could not, for example, be used for the comparison of energy
consumption by the displacement and mixing ventilation systems. Detailed computer
simulation can consider the differences between displacement ventilation and mixing
ventilation, such as the differences in the control strategies for the air handling
processes of the two ventilation systems. Therefore, the present study uses a detailed
computer simulation method.
The detailed methods calculate cooling and heating loads hour-by-hour for an
entire year for a building, using hourly weather data, and the building characteristics
and thermal conditions, as the inputs. Then the energy consumption of the ventilation
system components is calculated on the basis of the hourly cooling / heating loads, the
hourly weather data, and the control strategies associated with the configuration of the
ventilation system.
The weighting factor method and the heat balance method are the two principal
detailed methods used in the past few decades (Sowell and Hittle 1995). The weighting
factor method estimates the ratio of convective heat over the total heat source in a time
sequence. The weighting factors depend on building material properties, and may be
pre-calculated and presented in tables for certain types of buildings. The heat balance
method ensures energy balance for room air and enclosure surfaces and allows for
direct calculation of instantaneous loads. NBSLD (Kusuda 1978) is probably the earliest
program of this kind. Both the weighting factor method and the heat balance method
have advantages and disadvantages. The heat balance method is considered the best
choice because of its flexibility, efficiency and the ease with which it integrates loads
and systems into a single step, according to Sowell and Hittle (1995). The ACCURACY
program (Chen and Kooi 1988) used for this research is based on the heat balance
method.
2.2 The Heat Balance Method
The heat balance method is based on the following energy balance equation of
room air:
N ~pV OOC AT
qi,cAi + Qights + Qpeople + Qappliances + Qinfiltration - Qheatextraction room p 
(1)
where
qi,c= convective heat flux from enclosure surfaces to room air
N = number of the enclosure surfaces
Ai= area of surface i
Qlights, Qpeople, Qappliances, and Qinfiltration = cooling loads of lights, people, appliances and
infiltration, respectively
Qheatextraction = heat extraction via the HVAC device
p = air density
Vroom = room volume
Cp = specific heat of air
AT = temperature change of room air
At = sampling time interval
In order to determine the convective heat flux from surface i, qi,c, we need the
energy balance equations for the building enclosure. For a wall, ceiling, floor, roof, or
slab as shown in Figure 2-1, we have the following energy balance equation:
N
qi + qi = qi + qi~c (2)
k=1
where
qi = conductive heat flux on surface i
qi,t = transmitted solar heat flux re-absorbed by surface i. qi,t is calculated from
direct, diffuse and reflected solar radiation and the overall transmissivities of each
window.
qik= emitted radiative heat flux from surface i to surface k
The radiative heat flux is
qik =h ikr(Ti - Tk) (3)
where
hik,r = radiative heat transfer coefficient between surfaces i and k
Ti = temperature of interior surface i
Tk = temperature of interior surface k
The convective heat flux from enclosure surfaces to room air qi,c is given by
qik
Wall
Room
Figure 2-1 Energy balance on the interior surface of a wall, ceiling, floor or slab
qik
Room qic qi
Window
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Figure 2-2 Energy balance on the interior surface of window
qi,c = he (Ti - Ti,air)
where
he = convective heat transfer coefficient
Ti,air = room air temperature near wall i.
When the room air temperature is assumed to be uniform, then the following
holds:
Ti,air = Troom (5)
where
Troom = room air temperature
When the room air temperature is not uniform, Equation (4) becomes
qi,c = he (Ti - Ti,air)
Shi,c (Ti - Troom) - hi,c ATi,air (6)
where
ATi,r = Tiair - Troom (7)
When the room air temperature is not uniform, ATi,r can be calculated by using the
CFD (Computational Fluid Dynamics) method. For this study, uniform room air
temperature is assumed when calculating the cooling load.
The energy balance equation for a window is needed to complete the
mathematical model for the energy balance of room air. For the window schematically
shown in Figure 2-2, we have the following energy balance equation:
N
gj + qj' + qi, = jgik +qi'c (8)
k=1
where
qi = conductive heat flux on window i
qi,s = inward heat flux of the absorbed solar radiation by window i
qi,t= transmitted solar heat flux re-absorbed by window i
g= emitted radiative heat flux from window i to room surface k
The ACCURACY program can calculate qi, qi,s, and qi,t. qik and qi,c are
determined in the same way as those for walls are.
Letting
gijn = qi + qi,t for walls, ceiling, floor, etc.
qijn = qi + qi,s + qi,t for windows
we then have
(4)
[H] [T] = [q] + [hT]
where
N
hI1 C +Xhlkr
k=1
- h21,r
- hl2,r
N
h 2,c +Ih2k,r
k=1
- hN1,r
- hlN,r
-h 2N,r
N
-hNN-1,r h N,c + IhNk,r
k=1
+ h ic Troom
+ h2 cTroom
"±hN NcTrOOm
The temperature of the room air is maintained at the desired value (i.e., AT = 0)
by the ventilation system during occupied hours, but it is allowed to fluctuate during the
non-occupied hours. Equations (1) to (13) can be solved for the surface temperatures of
the room enclosure, the room air temperature during the non-occupied hours, and the
heat extraction (heating/cooling load).
(10)[H]=
Ti
[T]= T2
TN
q] q 2,in
q N,in
[h AT] =
(11)
(12)
(13)
(9)
2.3 The Weather Data
To calculate the hourly cooling / heating loads needs hourly weather data such
as dry-bulb temperature, relative humidity and solar radiation. The typical
meteorological year (TMY) weather data, which was derived from the 1961-1990
National Solar Radiation Data Base (NSRDB), can be used for this purpose. The TMY
files were produced using an objective statistical algorithm to choose the most typical
month from the long term records. The data is used for computer simulation of solar
energy conversion systems and building mechanical systems (ASHRAE 1997). This
study used the new version of the TMY files, which are called the TMY2 files (Marion
and Urban 1995). The first record of each file is the file header that describes the
station. The file header contains the identification number of the station, city, state, time
zone, latitude, longitude, and elevation. Following the file header, 8760 hourly data
records provide one year of solar radiation, illuminance, and meteorological data, along
with their source and uncertainty flags. The TMY2 weather data can be downloaded
from the internet: http://rredc.nrel.gov/solar/.
2.4 The Building Characteristics and Thermal Conditions
In order to calculate the hourly cooling/heating loads, the building
characteristics and thermal conditions need to be specified. Table 2-1 shows the
building characteristics and thermal conditions of a small office, a classroom and an
industrial workshop. Hour-by-hour cooling/heating loads are calculated for these three
types of buildings for the five climatic regions. The industrial workshop is a large space
with a lot of equipment and workers inside, as can be seen in Table 2-1. The interior
walls of the industrial workshop neighbor administration offices and accessory rooms.
Therefore, on both sides of the interior walls, the thermal boundary conditions are the
same.
Note that the overall heat transfer coefficient U (or overall thermal resistance R)
of the exterior wall is different for different climates. Since the weather in Seattle, WA
and Portland, ME is relatively colder than that in the other three cities, more insulation
is used for these two climates. Also, the internal heat loads per unit floor area of the
different types of building are different, as can be calculated based on the data in Table
2-1: 37.1 W/m2 for the small office, 42.9 W/m2 for the classroom and 42.6 W/m2 for the
workshop, respectively.
Table 2-1 Building characteristics and thermal conditions
Space type Small office (SO) Classroom (CR) Workshop (WS)
. 5.2m x 3.7m x 2.4m 11.7m x 9.Om x 3.3m 26.2m x 21m x 4.5m
Spacesize 17ft x 12ft x 8ft) (38ftx30ftx lift) (86ft x 68ft x 15ft)
Seattle & U=0.72W/m 2 K U=0.72W/m 2K U=0.72W/m 2K
Portland (R=8 ft2 h 4F/Btu) (R=8 ft2 h 4F/Btu) (R=8 ft2 h 4F/Btu)
Wall Phoenix,
New U=0.96W/m 2K U=0.96W/m2K U=0.96W/m 2K
Orleans & (R=6 ft2 h 4F/Btu) (R=6 ft2 h 4F/Btu) (R=6 ft2 h 4F/Btu)
Nashville
Double glazing: Double glazing: Double glazing.
U=4.6 W/m2 K U=4.6 W/m 2K U=4.6 W/m 2K
Exterior (R=1.24 ft2 h0F/Btu) (R=1.24 ft2 h0F/Btu) (R=1.24 ft2h OF/Btu)
envelope
52% of exterior 44% of exterior 61% of exteriorGlazing wall area wall area wall area
shading coefficient
=0.5 if facing south shading coefficient shading coefficient
& =0.5 (facing south) -0.5 (facing south)
=0.8 if facing north.
8:00am -- 7:00pm 8:00am -- 7:00pm 8:00am -- 7:00pm
Occupancy schedule Monday -- Friday Monday -- Friday Monday -- Friday
2 persons: 260W 25 persons: 3,250W 112 persons: 14,560
(887 Btu/h) (11,088 Btulh) W (49,676 Btulh)
Internal load 2 computers: 250 W equipment: 3,362 W
(sensible and latent) (853 Btu/h) lights: 1,264 W (11,470 Btulh)
lights: 204 W (4,313 Btulh) lights: 5,502 W
(696 Btu/h) (18,772 Btuh)
T=25 0C (77 0F) for T=25 0C (770F) for T=25 'C (77 0F) for
cooling cooling cooling
Room temperature set point
T=23 0C (73.50F) T=23 0C (73.50F) for T=23 0C (73.50F)
for heating heating for heating
Chapter 3 ENERGY CONSUMPTION CALCULATION
AND FIRST COSTS ANALYSIS
3.1 Methods Available for Energy Consumption
The hourly cooling / heating loads can be used to calculate the energy
consumption of the ventilation system components. Two major types of computer
programs are available to calculate energy consumption: whole-building simulation
programs and component-based programs. A typical whole-building simulation
program is DOE-2, and a typical component-based program is TRNSYS (Klein et al.
1994). Both types of programs assume a uniform distribution of indoor air temperature,
and cannot distinguish the difference between displacement and mixing ventilation
systems. The vertical temperature stratification in displacement ventilation affects the
supply and exhaust air temperatures and related control strategies that are important
when calculating energy consumption.
Another method of calculating the energy consumption of the ventilation system
is to divide the weather data into several zones in a psychrometric chart (Paassen 1986).
This method assumes that the air handling process is consistent within each zone in the
psychrometric chart. The product of the energy requirement by an air handling
component and the number of hours gives the annual energy consumption of that
component in each zone. This method is straightforward and easy to understand,
although it is not very accurate because the control strategies of the air handling process
within each zone may not be the same. The present research modified this method for
better accuracy by calculating the energy consumption of the ventilation system
components on an hour-by-hour basis, without assuming that the control strategy in
each zone was unchanging.
3.2 Temperature Stratification in Displacement Ventilation
The present investigation assumed the room air temperature to be uniform for
the mixing ventilation system. However, the vertical temperature stratification of the
room air in displacement ventilation must be considered in the energy calculation. With
the stratification, the exhaust air temperature in displacement ventilation is higher than
that in mixing ventilation, since the exhaust outlet is located at the ceiling level. The
supply air temperature in the displacement ventilation system is also higher than that in
the mixing ventilation system in order to avoid drafts (Yuan et al. 1998b). Because the
air handling process is related to the supply and exhaust air temperatures, the air
temperature stratification in displacement ventilation therefore has an impact on the
energy consumption. The following discusses the fundamental equations for calculating
the air temperature stratification in displacement ventilation.
Mundt (1990) developed a formula to calculate the nondimensional temperature
at the floor level:
Tf-T 1 (14)
Te -Ts CxV0.4 5 +1
where
Tf = air temperature at the floor level (0.16 ft or 0.05 m above the floor surface)
Ts = supply air temperature
Te = exhaust air temperature
p = air density
Cp= air specific heat
V = ventilation rate
A = floor area.
Recently Yuan et al. (1998b) developed a method to calculate the non-
dimensional air temperature at the head level as a function of different heat sources in
the room, such as lighting, occupants, equipment, and the heat from exterior walls and
windows. The non-dimensional temperature at head level is given by
Th- Tf
Th Tf = (0.295Qe +0.132Qamp +0.185Qex)/Qt (15)
Te - Ts
where
Th = air temperature at head level (3.6 ft or 1.1 m above the floor surface)
Qt = total cooling load
Qoe= heat generated by occupants and equipment
Qlamp = heat generated by lighting
Qex = heat from exterior walls and windows
The other variables are the same as those in Equation (14).
Another important equation for temperature stratification is the energy balance
equation for the conditioning air supplied to the room, which is
Qt =pC V(Te - TS) (16)
With Equations (14), (15) and (16), the supply air temperature is first designed
with the known maximum cooling load Qt, the maximum allowed temperature
difference between head level and foot level Th-Tf , and the designed room temperature
Th (Yuan et al. 1998c). With the design supply air temperature Ts, we can then use the
above three equations again for the unknown exhaust temperature Te, the temperature at
foot level Tf, and the ventilation rate V for every hourly cooling load Qt.
3.3 System Layouts and Control Strategies
Figures 3-1 and 3-2 show the layouts of the displacement and mixing ventilation
systems, respectively. Both systems use a heat exchanger to recover the energy from the
exhaust air to heat the outdoor air in the heating season. The systems use steam for
humidification, and use return air to save energy when appropriate. The displacement
ventilation system uses a second mixing to avoid reheating when the outdoor air is hot
and humid. The typical supply air temperature for displacement ventilation is 68 "F (20
C) in the summer (line a in Figure 3-3). When the outdoor air is hot and humid, for
example, point 0 in Figure 3-3, it is dehumidified to point D1 after the first mixing of
the return air E with outdoor air 0 to M1. Since the temperature at point D1 is lower
than the supply air temperature, reheating is required to heat the air to the supply
temperature. The second mixing of the return air E with chilled air D1 to M2 can save
on reheating energy. However, for mixing ventilation, the supply air temperature is 55
OF (12.8 "C) (line b in Figure 3-3) in the cooling season. For the same outdoor
conditions at point 0, the mixture of the outdoor air and the return air can be
dehumidified directly to the supply point D2, as we can see in Figure 3-3, and reheating
is not necessary.
In the cooling season, when the outdoor air has a low humidity ratio (humidity
ratio less than 12 g/(kg-dry air) or 0.012 lb/(lb-dry air)) and the enthalpy is higher than
the enthalpy of the exhaust air, for example, point O'in Figure 3-3, a minimum of
outdoor air is used. When the enthalpy of the outdoor air is less than that of the exhaust
air, for example, point 0" in Figure 3-3, 100% outdoor air is used. Because of the
higher ventilation effectiveness (Yuan et al. 1998b), the displacement ventilation system
can use less outdoor air than the mixing ventilation system and achieve the same indoor
air quality. This investigation uses 7.7 L/s (16.3 cfm) per person as the minimum
outdoor air for displacement ventilation, and 10 L/s (21.2 cfm) per person as the
minimum outdoor air for mixing ventilation.
In the heating season, the typical supply air temperature for displacement
ventilation is 64 "F (18 C). While the ventilation system provides fresh air, heat is
delivered by a second system, the hot water system. This is because the displacement
diffuser is not good for heating (see Figure 3-1). With mixing ventilation, the heat is
delivered by a hot air diffuser with a temperature of 104 OF (40 C). No secondary
system is needed.
Free cooling is used for both ventilation systems in the shoulder seasons. Figure
3-3 defines the free cooling zone to be the region where the outdoor temperature is
Figure 3-1 Air handling system for displacement ventilation
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Heat exchanger
Figure 3-2 Air handling system for mixing ventilation
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Figure 3-3 Psychrometric chart
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between 68 'F (20 "C) and 73.4 'F (23 C) and the humidity ratio is between
4.5 g/(kg-dry air) (0.0045 lb/(lb-dry air)) and 12 g/(kg-dry air) (0.012 lb/(lb-dry air)).
This corresponds to part of the comfort zone in the psychrometric chart. When the
outdoor temperature is between the supply temperature for mixing ventilation (55 F or
12.8 C) and the supply temperature for displacement ventilation (68 F or 20 "C) (see
the region between lines a and b in Figure 3-3), cold water is needed to cool the air to
the supply point for mixing ventilation. The purpose of using a low supply air
temperature in mixing ventilation is to save on fan energy, since a higher supply
temperature, and hence a smaller temperature difference between exhaust and supply
air, will lead to a larger amount of cooling air in order to offset the cooling load.
However, with displacement ventilation, no cold water is needed when the outdoor
temperature is within this range, since the supply air temperature is higher. In this sense,
displacement ventilation uses more free cooling.
3.4 Energy Consumption Calculation
When the outdoor air and/or the return air is processed in the HVAC system,
energy is consumed in the boiler, chiller and fan, for heating, cooling and blowing the
air through the ductwork, respectively. When the air undergoes a heating process, the
heating energy consumed by the boiler is given by
Eboiler = Ahrnh*/T1 boiler (17)
where
Ah* = enthalpy increase of the air during the heating process
rh += mass flow rate of the air undergoing the heating process
fl boiler= boiler efficiency
When the air undergoes a cooling process, the cooling energy consumed by the chiller
is given by
E chiller =Ah-rh- /fl chiller (18)
where
Ah- = enthalpy decrease of the air during the cooling process
rh- = mass flow rate of the air undergoing the cooling process
f1 chiller = efficiency of the chiller
Fan energy is consumed to blow the air through the ductwork. It is given by
Efan= Ap ri1/(fan p) (19)
where
Ap = pressure drop in the ductwork
rii = mass flow rate of the total air supplied to the room
a = efficiency of the fan
p = air density
For displacement ventilation, the separate hot water heating system also
consumes boiler energy, which is given by
E boiler = Q'/ boiler (20)
where
Q = heat required by the room from the separate hot water system
Generally, while the chiller and fan consume electricity, the boiler bums fuel to
provide hot water, which may be used to heat the air, or piped through the separate hot
water system to heat the room directly.
In this study, constant efficiencies are used for the fan (0.60) and the boiler
(0.75) for both ventilation systems. A pressure drop of 7.64 in. of water (1900 Pa) is
assumed for the air handling systems. The higher supply air temperature of
displacement ventilation in the cooling season means that the cold water temperature
can also be higher than that of mixing ventilation. Therefore, the chiller in the
displacement ventilation system can have a better performance (ASHRAE 1997). In
this investigation we use a slightly higher COP value for displacement ventilation (3.0)
than for mixing ventilation (2.9).
3.5 First Costs
In addition to energy consumption, the first costs of a ventilation system are also
very important parameters in the design of the ventilation system. The present study
has performed first cost analysis for both the displacement and mixing ventilation
systems for an office building in the five climatic regions in the United States. The
present study has assumed that the building has 100 identical individual offices as listed
in Table 2-1. This would allow us to select a reasonably sized chiller, boiler, and air
handling unit (AHU) to distinguish the difference between the displacement and mixing
ventilation systems. We have further assumed that 1/3 of the offices face south, 1/3 face
north, and the other 1/3 are in the core region.
The equipment capacity is selected to handle simultaneously the maximum load
in the three zones of the building. With the equipment capacity, the first costs of the
major components, i.e., the AHU, chillers and boilers, are estimated by using the 1998
R. S. Means mechanical cost data. The costs are for the materials and labor
(installation), but do not include project overhead.
Chapter 4 RESULT ANALYSIS
4.1 Results on Energy Consumption
4.1.1 Office building
Figure 4-1 shows the monthly energy consumption of a small office with a
south-facing wall and window in Seattle, WA. The displacement ventilation system
uses more fan energy than the mixing ventilation system. Although the exhaust air
temperature with the displacement ventilation system is higher than that with the mixing
ventilation system, the temperature difference between the exhaust and supply air is
smaller. Typically, the exhaust air temperature for the displacement system is 85 OF (29
"C) in summer and 81 OF (27 "C) in winter. Therefore, the temperature difference
between the exhaust and supply air is typically 17 "F (9 *C) for both summer and
winter. The temperature difference between the exhaust and supply air with the mixing
system is higher both in summer (22 OF or 12 'C) and in winter (31 "F or 17 "C). To
offset the same amount of cooling load, a larger amount of supply air is needed with
displacement ventilation. The difference is especially large during summer, when the
cooling load is high. However, the fan energy of displacement ventilation in August in
Seattle is lower than that of the mixing system. The outdoor temperature in August in
Seattle is low. The outdoor air conditions are good for free cooling. Displacement
ventilation has a larger temperature difference between the supply and exhaust air
during the free cooling period, typically 17 OF (9 0C), while the mixing system has a
difference of only 9 OF (5 0C). Therefore, the total amount of air required for
displacement ventilation is less. Consequently, the fan energy consumed is also less.
Similar results were found in other climate regions, e.g. June, August and September in
Portland, ME (Figure 4-3), and March and November in Phoenix, AZ (Figure 4-4), etc.
In the winter, the heat for the displacement system is mainly supplied via a
baseboard heater. The displacement system supplies only the fresh air. The air supply
amount is much lower than that of the mixing system. The fan energy consumption
should be lower. However, since the office has a high internal heat gain, like most U.S.
office buildings, cooling is required during some office hours even in the winter season.
For these cooling times, the displacement ventilation system uses more fan energy, as
explained above. The fan energy consumed by the two ventilation systems during
winter is similar due to the combined effect.
Figure 4-1 also indicates that the energy consumed by the chiller in the
displacement ventilation system is much less. Since the supply temperature is higher in
the displacement ventilation system than that in the mixing ventilation system, the
chiller in the displacement system does not need to cool the air as much as in the mixing
system. On the other hand, a higher supply air temperature would allow the
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Figure 4-1 Comparison of monthly energy consumption between the displacement
and mixing ventilation systems for an individual office in Seattle, WA
(Maritime Climate).
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Figure 4-2 Annual energy consumption of the displacement and mixing ventilation
systems for an individual office at different locations of a building in
Seattle, WA (Maritime Climate).
displacement system to use more free cooling during the shoulder seasons. Also, the
COP value is slightly higher with displacement ventilation (3.0) than with mixing
ventilation (2.9). Another way to understand why the displacement system uses less
chiller energy is to view the room and the ventilation system as a whole. The exhaust air
temperature in the displacement system could be 8 "F (4 C) higher than that in the
mixing system, which means more heat is discharged to the outdoors by the
displacement ventilation system.
The energy consumed by the boiler with displacement ventilation is also smaller
than that consumed with mixing ventilation. This is especially evident during the
winter. With displacement ventilation, the ventilation effectiveness is higher. To
maintain the same air quality, the total amount of fresh air can be reduced. As a result,
the energy needed to heat the fresh air becomes less with the displacement ventilation
system, as shown in Figure 4-1.
Different building orientations have a considerable impact on energy
consumption. Figure 4-2 shows the annual energy consumption of an individual office
in three different building zones: having an exterior wall and window facing south,
having an exterior wall and window facing north, and having no exterior walls and
windows (the core region of a building). All the other thermal boundary conditions are
the same. The results show that the energy consumption trend is the same for all three
building zones. Energy consumption by the boiler is the highest for north facing zones
because of the high heating load (less solar heating) during the heating period. The
chiller uses more energy in the zone facing south. In the core region where no exterior
windows and walls exist, no heating is needed. Therefore, the separate heating system
with a baseboard heater can be eliminated in the core region.
In most cases, the sum of the energy consumed by displacement ventilation is
slightly smaller than that consumed by mixing ventilation. The fan uses more energy in
displacement ventilation, because of the high cooling load found in U.S. buildings.
Not surprisingly, the energy consumption for the office building in different
cities is different, since the weather data is different. However, as for the comparison of
energy consumption between the displacement and mixing ventilation systems, the
results in other cities are similar to those in Seattle, WA (maritime). Figure 4-3 and
Figure 4-7 show the monthly and annual energy consumption results for Portland, ME
(cold), respectively. It is clear that the boiler energy consumption in Portland is higher
than that in Seattle. The weather in Phoenix, AZ is hot and dry, and therefore more
chiller energy is consumed than in Seattle, as can be seen in Figure 4-4 and Figure 4-8.
The results for New Orleans, LA (hot and humid) are shown in Figure 4-5 and Figure 4-
9, and Figure 4-6 and Figure 4-10 show the results for Nashville, TN (moderate).
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Figure 4-3 Comparison of monthly energy consumption between the displacement and
mixing ventilation systems for an individual office in Portland, ME
(Cold Climate).
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Figure 4-4 Comparison of monthly energy consumption between the displacement and
mixing ventilation systems for an individual office in Phoenix, AZ
(Hot-dry Climate).
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Figure 4-5 Comparison of monthly energy consumption between the displacement
and mixing ventilation systems for an individual office in New Orleans, LA
(Hot-humid Climate).
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Figure 4-6 Comparison of monthly energy consumption between the displacement and
mixing ventilation systems for an individual office in Nashville, TN
(Moderate Climate).
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Figure 4-7 Annual energy consumption of the displacement and mixing ventilation
systems for an individual office in different locations of a building in
Portland, ME (Cold Climate).
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Figure 4-8 Annual energy consumption of the displacement and mixing ventilation
systems for an individual office in different locations of a building in
Phoenix, AZ (Hot-dry Climate).
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4.1.2 Classroom and Workshop
The investigation also compares the annual energy consumption by the
displacement and mixing ventilation systems for a classroom and a workshop in the five
climate regions. Figure 4-11 shows the results for Seattle, WA. The results of the small
office facing south are also used in the comparison. The energy consumption is
normalized by the floor area. As can be seen from the figure, the same trend holds for
the classroom and workshop as for the individual office, i.e., the displacement
ventilation system uses more fan energy, and less chiller and boiler energy, than the
mixing ventilation system. On the other hand, a classroom has less heated equipment
than an individual office. The occupants are the major heat sources. Each occupant has
a smaller floor area in a classroom than the occupant has in an individual office.
Therefore, the amount of fresh air per square foot floor area is higher in a classroom.
The fresh air makes up a large percentage of the cooling and heating load. Hence, the
energy saving in winter becomes more significant
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Figure 4-11 Annual energy consumption per unit floor area of the displacement and
mixing ventilation systems for three different types of rooms in
Seattle, WA (Maritime Climate).
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in the classroom with displacement ventilation than in the individual office with
displacement ventilation, as shown in Figure 4-11. The workshop used in the present
study has a similar population density as that of the classroom, but with more heated
equipment. As a result, the workshop needs little auxiliary heating in winter.
The results for the individual office, classroom, and workshop for the other four
climate regions are very similar to the results for Seattle, WA. Figures 4-12, 4-13, 4-14
and 4-15 show the results for Portland, ME, Phoenix, AZ, New Orleans, LA, and
Nashville, TN, respectively. Generally, the displacement ventilation system uses more
fan energy, and less chiller and boiler energy, than the mixing ventilation system. The
total energy used by the displacement ventilation system is slightly less, as can be seen
from the figures.
kW h/m2
7 0 -r-
Portland, ME
Fan Chiller Boiler Fan Chiller Boiler Fan Chiller Boiler
Figure 4-12 Annual energy consumption per unit floor area of the displacement and
mixing ventilation systems for three different types of rooms in
Portland, ME (Cold Climate).
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Figure 4-13 Annual energy consumption per unit floor area of the displacement and
mixing ventilation systems for three different types of rooms in
Phoenix, AZ (Hot-dry Climate).
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Figure 4-14 Annual energy consumption per unit floor area of the displacement and
mixing ventilation systems for three different types of rooms in
New Orleans, LA (Hot-humid Climate).
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4.2 Results on First Costs
The first costs of the ventilation systems are estimated by selecting the proper
capacities of the major components based on the maximum loads of each component;
see Table 4-1. For simplicity, we chose the same type of components for all the
climatic regions, i.e.,
1. The chiller is reciprocating, packaged with an integral air cooled condenser;
2. The boiler is gas fired (natural or propane) with standard controls;
3. The AHU is a built-up type with a cooling / heating coil section, filters and a
mixing box.
The first costs of the hot water system in displacement ventilation are calculated
with the following assumptions:
1. 1/3 of the 100 individual offices (i.e., 33 rooms) are in the perimeter zone.
The perimeter rooms have baseboard heaters with supply and balance
valves.
2. Every office needs 13 ft (4 m) of pipe to connect the baseboard heater.
3. The pipe is 1/2" steel pipe, threaded, with couplings.
4. Every room needs a 1/2" 90 degree elbow and a 1/2" Tee.
Table 4-2 summarizes the components and costs of the hot water system.
With the above information (Table 4-1 and Table 4-2), the first costs for the
displacement and mixing ventilation systems are then analyzed. Figure 4-16 shows that
the first costs of the AHU are higher for the displacement ventilation system than for
the mixing ventilation system. This is because the displacement ventilation system
needs to handle a larger amount of air. In contrast, the displacement ventilation system
needs a smaller chiller, as shown in Figure 4-17, due to a higher supply air temperature.
However, the boiler size is almost the same for the two ventilation systems
(Figure 4-18). Although the displacement ventilation system needs a slightly lower
boiler capacity, the candidates for boiler selection fall into the same category, according
to the R. S. Means Mechanical Data (1998).
Table 4-1 Capacities and costs of the ventilation system components
Displacement Mixing
Capacity Cost Capacity Cost
Required Select Required Select
Chiller 155.8 W 158.3 W $31,925 183.9 W 211.0 W $40,875
Seattle, WA Boiler 189.6 kW 224.2 kW $6,900 199.3 kW 224.2 kW $6,900
AHU 13.4 mn/s16m/ $15,375 10.3 m3/s 10.4 m3/s $10,000
total $54,200 $57,775
Chiller 180.4 W 211.0 W $40,875 243.7 W 246.2 W $47,475
Portland, ME Boiler 303.9 kW 373.7 kW $9,925 362.9 kW 373.7 kW $9,925
AHU 10.4 mn/ 12.7 mn/ $12,225 9.6 mn/s 10.4 mn/s $10,000
total $63,025 $67,400
Chiller 241.6 W 246.2 W $47,475 328.1 W 351.7 W $61,725
Nashville, TN Boiler 284.3 kW 373.7 kW $9,925 323.6 kW 373.7 kW $9,925
AHU 15.5 m3/s 16.0 m3/s $15,375 12.4 m3/s 12.8 m3/s $12,225
total $72,775 $83,875
Chiller 247.4 W 281.4 W $51,650 334.1 W 351.7 W $61,725
New Orleans, Boiler 117.2 kW 117.2 kW $4,600 111.1 kW 117.2 kW $4,600
LA
AHU 15.6 m /s 16.0m/s $15,375 12.5 m3/S 12.7 mn/ $12,225
total $71,625 $78,550
Chiller 277.8 W 281.4 W $51,650 377.4 W 386.9 W $67,840
Phoenix, AZ Boiler 111.1 kW 117.2 kW $4,600 121.1 kW 129.0 kW $4,950
AHU 19.4 m 22.2 m/s $22,375 15.9 mn/s 16.0 mn/s $15,375
total $78,625 $88,165
Table 4-2 Costs of the components of the hot water heating system
quantity price cost
Baseboard heater 33 $345 / each $11,385
(with supply and balance valves)
429 ft $5.51 / ft
1/2" pipes (130.8 m) ($18/rn) $2,364
1/2" fittings (900 elbow) 33 $18.58 /each $613
1/2" Tee 33 $30.69 /each $1,013
Total cost $15,375
The overall first costs, including the costs for the AHU, chiller, and boiler, are
shown in Figure 4-19(a). The costs do not include equipment needed for air distribution,
such as ducts. Displacement ventilation supplies air at the floor level and returns air at
the ceiling level. It may be more desirable to use wall cavities for the ducts. However,
the mixing ventilation system should use a false ceiling. This will definitely have an
impact on construction costs. Though the first cost analysis provides an insight into the
costs of major units, the results show only a rough estimation. Figure 4-19(a) shows that
the overall first costs for displacement ventilation are less than for mixing ventilation.
This is mainly due to a small chiller, as illustrated in Figure 4-17.
The results for displacement ventilation, shown in Figure 4-19(a), do not include
the first costs of a separate heating system needed in the perimeter zones of the
building. With the first costs of the separate heating system, the total first costs of
displacement ventilation become slightly higher than those of mixing ventilation, as
shown in Figure 4-19(b). Therefore, the displacement ventilation system is more
desirable for the core region of a building where no heating is required.
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4.3 Summary and Conclusions
The present investigation studied the energy consumption of the displacement
and mixing ventilation systems in an individual office, a classroom, and an industrial
workshop for five U.S. climate regions. The investigation accounted for the most
important characteristics of the displacement ventilation system, such as air temperature
stratification and high ventilation effectiveness. Both factors have significant impact on
the energy consumption by the HVAC system using displacement ventilation.
The study showed that the displacement ventilation system may use more fan
energy, and less chiller and boiler energy, than the mixing ventilation system. The total
energy used is slightly less with displacement ventilation, although the ventilation rate
is increased to handle the high cooling loads found in U.S. buildings.
The study also analyzed the first costs of the displacement and mixing
ventilation systems for an office building. Displacement ventilation needs a larger air-
handling unit, a smaller chiller, and a similar boiler than does mixing ventilation. The
overall first costs are lower for displacement ventilation if the system is applied to the
core region of a building. In the perimeter zones, the displacement ventilation system
needs a separate heating system. This will increase slightly the first and maintenance
costs.
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APPENDIX
Manual of Program "EnerCost vl.O"
Introduction
EnerCost uses a psychrometric chart based hour-by-hour method to calculate the
energy consumption of the fan, chiller and boiler of the conventional mixing ventilation
system or the displacement ventilation system.
The program can calculate both the monthly and annual energy consumption of
the fan, chiller and boiler of the ventilation system. Also, it calculates the statistical
information of the weather data on the psychrometric chart, i.e., the total number of
hours in each section of the psychrometric chart, the average outdoor temperature and
relative humidity of each section and the average cooling /heating load of each section.
Flow Chart
The following flow chart shows the logic of the program.
Read outdoor temperature, relative humidity, cooling /
heating load, etc., from input file
Calculate the supply temperature for
displacement ventilation; set the supply
temperature for mixing ventilation
Displacement ventilation
Yes (LISPLACE =.TRUE.)? No
Locate the weather data (Tam, RHam) Locate the weather data (Tam, RHam)
on the psvchrometric chart on the psychrometric chart
Calculate energy consumption of the Calculate energy consumption of the
components: Fan, Chiller and Boiler, components: Fan, Chiller and Boiler,
based on the control strategy for based on the control strategy for
displacement ventilation mixing ventilation
End of hour loop
(HRLOOP =24 ) ? N
Yes
Calculate the monthly
energy consumption
End of day loop
(DYLOOP = 3 65 ) ?
No
Yes
Calculate average outdoor temperature, relative humidity, exhaust
temperature and cooling / heating load in each section of
the psychrometric chart.
Output
Chapter 1 Variable Declaration
This chapter declares the variables used in the program. User does not need to
change this part. Some variables are explained in the following:
DYLOOP -- Integer variable. The loop index for the day loop in the calculation of
energy consumption. The maximum value of DYLOOP is 365.
HRLOOP --- Integer variable. The loop index for the hour loop in the calculation of
energy consumption. The maximum value of HRLOOP is 24.
LDISPLACE --- Logical variable. LDISPLACE = .TRUE., do calculation for
displacement ventilation system; LDISPLACE = .FALSE., do
calculation for mixing ventilation system.
I_core --- Logical variable. Icore = .TRUE., do calculation for the core zone of the
building.
Patm --- Atmospheric pressure, Patm=101325 Pa, user is not supposed to
change this.
Nsection --- Nsection=12. The maximum number of sections in the psychrometric
chart. User does not need to change this.
The other variables will be explained below when necessary.
Chapter 2 Input
2.1 open the input and output files
The major input of this program is the hour-by-hour cooling/heating loads and the
outdoor temperature and relative humidity. This data is input by the file: "load.in,"
which is the cooling load file. It contains 8760 lines (8760 hours a year) and five
columns, and looks like the following:
2.20 0.92 20.40 6.12 0.00
1.70 0.89 15.30 6.12 0.00
0.60 0.96 10.20 6.12 0.00
0.60 0.92 10.20 6.12 0.00
1.10 0.92 336.60 155.04 -455.89
1.10 0.92 387.60 175.44 -28.39
2.80 0.85 413.10 185.64 280.94
6.10 0.58 438.60 189.72 774.11
7.20 0.44 453.90 193.80 963.66
7.80
7.20
6.70
6.10
0.52
0.56
0.58
0.56
469.20
479.40
484.50
489.60
193.80
195.84
195.84
197.88
993.66
1113.52
955.87
707.06
where
first column -- outdoor temperature
second column -- outdoor relative humidity
third column -- internal heat source from occupants and equipment
fourth column -- internal heat source from lighting
fifth column -- cooling/heating load (a positive value means cooling load and a
negative value means heating load)
2.2 some other basic inputs
The other parameters the user needs to input are as follows:
LDISPLACE and Icore have been explained in Chapter 1.
Npeople -- the number of people in the room
Qpeople -- the heat generated by people: W
Qlight -- the heat generated by lamps: W
FloorArea -- the floor area: m2
TroomC -- room temperature set point in cooling
TroomH -- room temperature set point in heating
TsupMC -- supply temperature in cooling season
TsupMH -- supply temperature in heating season
Pfan -- static fan pressure
ETAfan -- efficiency of fan
COPchiller -- COP value of chiller
ETAboiler -- efficiency of boiler
season
season
(mixing ventilation system)
(mixing ventilation system)
User needs to input the right numbers according to his/her case.
2.3 initializations
Summation arrays are used to calculate the average outdoor temperature,
relative humidity and cooling/heating load for each section on the psychrometric chart.
TamSUMA(I)-- Summation of outdoor temperature in section I during cooling
period.
TamSUMB(I)-- Summation of outdoor temperature in section I during heating
period.
RHamSUMA(I)-- Summation of relative humidity in section I during cooling
period.
RHamSUMB(I)-- Summation of relative humidity in section I during heating
period.
QAsumVent(I)--Summation of cooling load in section I.
QBsumVent(I)-- Summation of heating load in section I offset by the ventilation
system.
QBsumWater(I)-- Summation of heating load in section I offset by the hot water
System (for mixing ventilation system, this equals 0).
EfanC-- energy consumption by fan during cooling period.
EfanH-- energy consumption by fan during heating period.
ErehC-- energy consumption by reheater during cooling period.
ErehH-- energy consumption by reheater during heating period.
EradH-- energy consumption by radiator during heating period (Displacement
only).
EboilC-- energy consumption by boiler during cooling period.
EboilH-- energy consumption by boiler during heating period.
EchillC-- energy consumption by chiller during cooling period.
EfanMax-- Maximum fan energy consumption during the whole year.
EradMax-- Maximum radiator energy consumption during the whole year.
ErehMax-- Maximum reheater energy consumption during the whole year.
EboilMax-- Maximum boiler energy consumption during the whole year.
EchillMax-- Maximum chiller energy consumption during the whole year.
User does not need to change this part.
2.4 read data from the input file
Read the outdoor temperature, relative humidity, heat source from people and
equipment, heat source from lighting and cooling/heating load from the input file. User
does not need to change this part.
Chapter 3 Calculate the supply and exhaust air temperatures of the
displacement ventilation system
This program deals with VAV systems. The supply temperature can be fixed or
fluctuate with the cooling/heating load. User may change this part according to his/her
needs.
Chapter 4 Energy consumption calculation
According to where the hourly point (Tam, RHam) is on the psychrometric chart,
the program calculates the hourly energy consumption for the fan, boiler and chiller,
and counts how many points there are in each section. User does not need to change
this part.
4.1 some key points/lines to partition the psychrometric chart
To assist the user in understanding the hour-by-hour energy consumption
calculations, the partitions of the psychrometric chart for displacement ventilation
(cooling and heating) and mixing ventilation (cooling and heating) are shown in Figures
A-1, A-2, A-3 and A-4. The control strategies in each section of the psychrometric chart
are described in the program just before the energy calculations.
4.2 locate the point (Tam, RHam) on the phsychrometric chart, and do all the
calculations
According to the logical value of LDISPLACE, this part is done for two categories:
displacement ventilation and mixing ventilation.
4.2.1 displacement ventilation system
This part does all the calculations. User does not need to change this part.
4.2.2 mixing ventilation system
This part does all the calculations. User does not need to change this part.
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Figure A-I Partition of the psychrometric chart --- displacement ventilation (cooling)
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Figure A-2 Partition of the psychrometric chart displacement ventilation (heating)
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Figure A-3 Partition of the psychrometric chart --- mixing ventilation (cooling)
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Figure A-4 Partition of the psychrometric chart --- mixing ventilation (heating)
Chapter 5 Calculate the monthly energy consumption
This part calculates the monthly energy consumption for every component of the
ventilation system. User does not need to change this part.
Chapter 6 Calculate average values in each section of the
psychrometric chart
This part calculates the average outdoor temperature, relative humidity, exhaust
temperature and cooling/heating load in each section of the psychrometric chart. User
does not need to change this part.
Chapter 7 Output
There are three output files: statistics.out, annual.out, and monthly.out. For the
convenience of organizing output files for the displacement system and mixing system,
the prefix "D-" or "M-" is used for these output files.
The "statistics.out" file looks like the following (eg. D-statistics.out):
Ventilation System
Section 1 713
Section 2 4
Section 3 0
Section 4 588
Section 5 314
Section 6 194
Section 7 24
Section 8 116
Section 9 174
Section 10 0
Section 11 0
Section 12 0
---for
4.23
19.27
13.20
20.72
24.95
29.80
21.02
26.28
Cooling period
0.48 758.52
0.27 1037.56
0.75
0.58
0.48
0.38
0.82
0.70
770.10
971.66
1245.55
1345.47
947.71
1242.67
Ventilation System ---for Heating period
Section 1 628 -2.80 0.65 609.87
Section 2 0
Section 3
Section 4
Section 5
Section 6
Section 7
Section 8
Section 9
Section 10
Section 11
Section 12
Hot Water
Section 1
Section 2
Section 3
Section 4
Section 5
Section 6
Section 7
Section 8
Section 9
Section 10
Section 11
Section 12
0
116
0
0
0
System
628
0
0
116
0
7.81 0.91 583.89
---for Heating period
-1039.22
-753.91
First two columns--- different sections on the psychrometric chart.
Third column --- the number of hours of the weather data that fall within that section.
Fourth column --- the average outdoor temperature within the section ( 0C).
Fifth column --- the average outdoor relative humidity within the section.
Sixth column --- the average cooling/heating load within the section (kW).
For the mixing system, the output file "M-statistics.out" does not include the hot
water system infomation.
The "annual.out" file looks like the following(eg. D-annual.out):
Cooling period
Efan= 488.51 Echiller= 155.90 Ereheater= 12.47 Eradiater= 0.00 Eboiler=
12.47
Heating period
Efan= 68.38 Echiller= 28.86 Ereheater= 6.05 Eradiater= 548.47 Eboiler=
554.52
--------- -
Total Energy Cost
Efan= 556.89 Echiller= 184.75 Eboil= 566.99
Maximum Capacity of equipment
(kg/s, KW, KW, KW, KW)
MfanMax= 0.29 EchillMax=
0.22
Maximum Capacity of equipment
(cfm, ton, hp, KW, KW, KW)
MfanMax= 607.98 EchillMax=
ErehMax= 0.22
2.28 EboilMax= 3.51 EradMax= 3.51 ErehMax=
0.65 EboilMax= 0.36 EradMax= 3.51
The energy consumption in this file has the unit kW. The units for the maximum
capacity of the equipment are given in SI units, kg/s (fan), kW (chiller), kW (boiler),
kW (radiator), kW (reheater), as well as in IP units, cfm (fan), ton (chiller) and hp
(boiler).
The "monthly.out" file contains 12 lines and four columns, and it looks like (eg.,
D-monthly.out):
19.70
20.51
27.04
31.81
49.41
67.76
85.62
92.30
70.65
47.16
28.73
16.20
0.00
0.00
0.00
0.10
1.58
25.19
72.16
67.48
16.62
1.63
0.00
0.00
140.83
105.09
68.65
32.88
6.08
0.11
0.00
0.08
0.25
12.99
59.39
140.64
19.70
20.51
27.04
31.90
50.99
92.95
157.78
159.78
87.27
48.80
28.73
16.20
First column --- fan energy (kW)
Second column --- chiller energy (kW)
Third column --- boiler energy (kW)
Fourth column --- sum of fan and chiller energy (kW)
The first line of this file stands for the energy consumption of January, the second line
for February, and so on.
Chapter 8 How to run the program
This program works under the Unix system. With the input files ready in the current
directory, type
f77 EnerCostf -o run
Then the executable file run is generated. To run the program, type
run
